The authors have nothing to disclose. ABSTRACT BACKGROUND. MicroRNAs (miRNAs) are small non-coding RNAs that regulate a broad
INTRODUCTION
MicroRNAs (miRNAs) are a functional class of small non-coding RNAs that regulate gene expression [1] . Mature miRNAs are generated in the cytoplasm, where they bind to target mRNAs by hybridization with partial sequence complementarity. This interaction results in gene silencing through mRNA degradation and/or inhibition of mRNA translation. There are over 1,800 miRNAs in the human genome and many have been found to regulate a diversity of important cellular and disease pathways, including cancer. The experimental over-expression or inhibition of specific miRNAs in cellular and animal models can result in tumorigenesis, or in more aggressive cancer phenotypes, indicating the potential of miRNAs to function as oncogenes and tumor suppressors [2] . During cancer development and progression, miRNA expression patterns become highly altered and can be associated with the developmental lineage of the cancer and of the disease state [3] . Consequently, specific miRNAs or groups of miRNAs are being considered as prognostic biomarkers and/or therapeutic targets for the future management of cancer [4] .
Differential gene expression patterns have the potential to accurately define tumor types and subtypes, to predict risk of recurrence or response to therapy and to guide the development of new therapies [5] . This is of particular importance to prostate cancer, where the majority of men diagnosed with the disease will not progress to aggressive disease or death within their lifetime [6] . At the same time over 29,000 men will die from metastatic castration resistant prostate cancer each year, making it the second leading cause of cancer death in American men [7] . Therefore, there are unmet needs regarding the calculated risk for newly diagnosed patients and for the treatment of advanced prostate cancer patients. There are several sources of tissue available for prostate cancer risk analyses throughout the treatment period, including biopsy and radical prostatectomy specimens, as well as circulating tumor cells and bone marrow biopsies.
Other fluids such as blood, urine and prostatic secretions are also excellent sources for potential risk markers. Each of these has been widely examined for the presence of altered proteins and gene transcripts.
A number of miRNAs have been found to be differentially expressed in malignant tissues from prostate cancer surgical specimens [8] [9] [10] [11] [12] . Similarly, differential miRNA gene expression patterns have been detected in the serum of men with advanced prostate cancer [13] [14] [15] [16] .
Collectively, these and other studies have identified a number of miRNAs that are commonly deregulated in prostate cancer. Here we have focused on three prostate cancer associated miRNAs: miR-21, miR-141 and miR-221. Several previous studies have found these miRNAs to be differentially expressed in prostate cancer; however their association with biochemical recurrence has been less clear [17] [18] [19] [20] [21] [22] [23] [24] [25] . To address these discrepancies, we conducted a pilot study to quantify the expression levels of these miRNAs in radical prostatectomy specimens from 118 men who underwent surgery at Johns Hopkins. These tissues were sampled from a larger nested case-control study designed to evaluate the association of potential risk markers for prostate cancer recurrence after therapy [26] . Malignant prostate tissue from cases (recurrence) and controls (non-recurrence) from this population were matched for age, race, pathologic stage, and grade to determine their associations beyond accepted risk and prognostic factors. The results of this nested case-control study provide new data regarding the association of miR-21, miR-141 and miR-221 with prostate cancer aggressiveness and their potential use as prognostic markers in primary tumor tissue. The reduced expression of one of the prostate cancer associated miRNAs, miR-221, was found to be associated with recurrence.
METHODS

Study Design and Population.
We conducted a pilot study of 59 men who experienced recurrence after prostatectomy and 59 matched men who did not (controls). We sampled malignant prostate tissue from these men from a nested case-control study that we previously designed specifically to evaluate risk factors for, and biomarkers of, recurrence. The full nested case-control study includes all 524 recurrence cases and a sample of 524 controls identified among 4,860 prostate cancer patients who underwent radical retropubic prostatectomy for clinically localized prostate cancer at Johns Hopkins in Baltimore, MD between 1993 and 2001. We did not include men who received hormonal or radiation therapy before their prostatectomy or men who received hormonal adjuvant therapy before their recurrence. These men were followed for outcome through 2004.
Recurrence was defined as biochemical recurrence (serum PSA >0.2 ng/mL), local recurrence, systemic metastases or death from prostate cancer. For each case we used incidence density sampling to select a control who had not experienced recurrence by the date of the case's recurrence, and who was similar to the case on age at surgery, race, pathologic stage, and Gleason sum in the prostatectomy specimen [27] . Tissue microarrays and germline DNA have been prepared for the full nested case-control study. For this pilot we selected malignant prostate tissue from men included on the first two tissue microarrays, with the goal of achieving a sample size of at least 50 matched pairs (final number 59 matched pairs). We have previously used this set to evaluate other markers of prognosis [26, 28, 29] . Each standard curve contains 4 points in triplicate (5-fold serially diluted cell line RNA, see above) and were optimized for efficiencies of 100% ± 5%. All qPCR reactions and thermal cycling conditions followed manufacturer's instruction. Briefly, holding at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds and 60 °C for 60 seconds. Relative normalized target gene quantity (SQ) was determined from standard curves with U6 snRNA as a reference gene for normalization.
Statistical Analysis.
Differences in characteristics between
the cases and their matched controls were evaluated using nonparametric tests (Wilcoxon sign rank test or McNemar's
test). No Ct values
were excluded from the analysis. Relative normalized expression levels of the three miRNAs were not normally distributed. Thus, we calculated medians and interquartile ranges, and tested for case-control differences in their expression using the Wilcoxon sign rank test. We calculated odds ratios of recurrence and 95% confidence intervals by tertile of miRNA expression level using conditional logistic regression, taking into account the matching factors (age, race, stage, We used the highest tertile of miRNA expression as the reference group. We tested for trend across the tertiles by entering a single ordinal variable with possible values of 1, 2, and 3 corresponding to the lowest to highest tertiles of miRNA expression. Quality control analyses were also performed to determine whether differences in U6 quantities or miRNA Ct values between cases and controls influenced the results. No significant bias was found. All analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC, USA). Statistical tests were two-sided, and P-values < 0.05 were considered to be statistically significant.
RESULTS
By design, cases and controls were similar on the matching factors of age at surgery, race, and pathologic stage and Gleason sum in the radical prostatectomy specimens (Table 1) .
Cases were more likely to have positive surgical margins than controls, but they did not differ on presurgery PSA concentration (Table 1 ). In the malignant tissue of both cases and controls, miR-21 expression level was highest, followed by miR-141 and then miR-221 (Table 2) .
Without taking into account tissue block storage time, expression levels of all three miRNAs were statistically significantly lower in the malignant tissue of cases than in controls (Table 2) .
We observed that the relative normalized expression levels of all miRNAs were higher, in both cases and controls, for prostatectomy samples from earlier calendar years (Supplementary Figure S1) . Therefore, we calculated tertile cutpoints based on the miRNA expression distributions among the controls separately by calendar year. Early cases are considered those from radical prostatectomies performed in the years 1993 to 1994, and late cases are considered those from surgeries performed in the years 1995-2000. Men in the lowest tertile of expression of miR-221 had a higher risk of recurrence when compared to men in the highest tertile (Ptrend=0.02; Table 3 ). The pattern of association was unchanged for miR-221 after further adjustment (P-trend=0.05). No statistically significant trends were observed for miR-21 or miR-141 after multivariable adjustment ( Table 3 ). The log expression of each miRNA in the malignant tissue of cases and controls, separated by year of surgery, is presented in Figure 1 .
DISCUSSION
The primary goal of this small pilot study was to evaluate the association of miR-21, miR-141 and miR-221 expression levels in prostate cancers with disease recurrence following radical prostatectomy. The study was specifically designed using matched cases and controls to minimize the influence of known prognostic factors for prostate cancer recurrence, such as stage, grade and age. This approach can emphasize biology that is independent of Gleason histologic pattern, which has served as one of the most powerful predictors of disease progression for decades. Our study included a subset of the case-control pairs that have been previously utilized to study the association of Cyr61, PTEN, SPARCL1, ERG, and TMPRSS2-ERG fusion with prostate cancer recurrence through immunohistochemical (IHC) or fluorescence in situ hybridization (FISH) staining [28] [29] [30] [31] . We originally sought to use a similar approach, microRNA in situ hybridization (ISH), to quantify miRNA expression in these Tissue Microarrays (TMAs). However, we were unable to reliably detect miRNAs by ISH with archived FFPE human tissues. We therefore designed a smaller pilot study from the original nested case-control samples and quantified the expression level of each miRNA by real-time RT-PCR analysis using malignant tissue cores isolated from the FFPE tissue blocks. The results suggest that the expression of one of the three miRNAs, miR-221, is associated with prostate cancer recurrence in a dose-dependent manner.
miR-221 has been the subject of multiple miRNA studies in clinical specimens. In several cancers miR-221 levels are reported to be elevated, when compared to healthy tissues [32] [33] [34] [35] .
However, in prostate cancer, miR-221 expression levels have been universally reported to be decreased when compared to non-malignant tissues [20, 21, 36, 37] . On the other hand, there have been conflicting reports regarding the association of miR-221 expression levels with prostate cancer aggressiveness. Several reports have found miR-221 levels to be decreased in prostate cancers which later recurred [18, 19, 21] , whereas others have found no significant association of miR-221 with disease recurrence [17, 20, 22] . Here, in our pilot study, we observed that miR-221 levels were significantly decreased in the cancers of men who later recurred when compared to controls, and that the risk of recurrence increased with decreasing miR-221 expression. This new data provides additional support for miR-221 as a potential prognostic marker and therapeutic target for higher risk prostate cancer. Further evaluation is required in larger studies to confirm these conclusions.
miR-141 was first reported as a potential biomarker for prostate cancer due to its elevated levels in the serum of patients with prostate cancer when compared to healthy controls [13] .
Several other studies have further found that miR-141 expression levels are elevated in prostate tumors [16, 36, 38] . In a recent screen to identify differentially expressed miRNAs as markers for prostate cancer biochemical failure after primary therapy, miR-141 was found to be a top candidate [24] . However, the expression of miR-141 alone was not sufficient to accurately predict biochemical failure as an independent marker. The new results from our study provide additional data regarding miR-141 expression and risk of disease progression. While the risk of recurrence appeared to be higher in men with the lowest miR-141 expression, this association was not statistically significant and no dose response was present across the tertiles of expression after multivariable adjustment. Taking our pilot study and the literature together, there is faint evidence that differential miR-141 expression may be associated with risk of recurrence, but further studies are required to validate or negate these observations. The final miRNA evaluated in our analysis was miR-21, which is one of the most highly studied microRNAs in cancer. miR-21 was originally identified as the most commonly upregulated miRNA in multiple cancer types, including prostate [8] . Other studies have also reported miR-21 levels to be increased in prostate cancer patient tumors, serum, and plasma when compared to controls [8, [39] [40] [41] . However, the association of miR-21 levels and prostate cancer aggressiveness is less clear. Li and colleagues found miR-21 positivity, by in situ hybridization in cancer specimens, to be associated with recurrence after radical prostatectomy [23] . In a separate study, a higher proportion of recurrent prostate cancers was found to have lower, rather than higher, miR-21 expression when compared to non-recurrent cases [17] . In the same study Amankwah and colleagues reported reduced miR-21 to be an independent risk factor for recurrence in obese men [17] . Here, in our study, miR-21 expression level was not associated with recurrence after taking into account tissue block storage time. This was a surprising result because miR-21 has been shown to have oncogenic, growth and survival promoting properties in prostate and other cancer models [40, [42] [43] [44] [45] [46] [47] [48] . We therefore anticipate that miR-21 may contribute to advanced disease, rather than local disease, which we had initially predicted [40] . Nonetheless, further studies are needed to correlate the expression and role of miR-21 in local, recurrent, and advanced disease.
CONCLUSIONS
In summary, we have studied the expression levels of three microRNAs in prostate cancer and their association with recurrence after radical prostatectomy. The matched study design was applied to emphasize the potential value of these biomarkers in the absence of other known prognostic markers for recurrence, such as stage and grade. These results add to the collective literature on these three microRNAs and their association with prostate cancer recurrence and disease aggressiveness. The results suggest that miR-221 expression level in prostate cancer is inversely associated with recurrence. Further studies of this microRNA and its associated pathways may uncover new mechanisms for cancer progression and therapeutic intervention. 
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